Abstract. We report a molecular design approach for blue-emitting thermally activated delayed fluorescence (TADF) molecules. The two TADF emitters, (4-(3,6-di(pyridin-3-yl)-9H-carbazol-9-yl)phenyl)(phenyl)methanone (3PyCzBP) and (4-(3,6-diphenyl-9H-carbazol-9-yl)phenyl) (phenyl)methanone (4PyCzBP), possess a pyridine-functionalized carbazole donor and a benzophenone acceptor. Both compounds show broad charge-transfer emission in dichloromethane with a λ max at 497 nm and a photoluminescence quantum yield, Φ PL , of 56% for 3PyCzBP and a λ max at 477 nm and a Φ PL of 52% for 4PyCzBP. The Φ PL decreased to 18% and 10%, respectively, for 3PyCzBP and 4PyCzBP in the presence of O 2 confirming that triplet states involved in emission. The poly(methyl methacrylate) (PMMA)-doped (10 wt. %) films show blueshifted emission with λ max at 450 and 449 nm for 3PyCzBP and 4PyCzBP, respectively. The maximum Φ PL of 23.4% is achieved for these compounds in PMMAdoped film. The difference in energy between the singlet and triplet excited states (ΔE ST ) is very small at 0.06 and 0.07 eV for 3PyCzBP and 4PyCzBP, respectively. Multilayer organic light-emitting diode devices fabricated using these molecules as emitters show that the maximum efficiency (EQE max ) of the blue devices is 5.0%.
Introduction
Organic light-emitting diodes (OLEDs) are acquiring significant and increasing attention as a technology in flat panel displays, smart watches, smart phones, and large-screen televisions. 1, 2 The maximum internal quantum efficiency (IQE) is typically 25% for OLEDs using conventional fluorescent dopants. 3 The IQE can be increased from 25% to 100% by harvesting triplet excitons using phosphorescent emitters. [4] [5] [6] However, phosphorescent emitters almost always are organometallic complexes based on noble metals such as Ir or Pt. These metals are some of the rarest naturally occurring elements on Earth, and the environmental sustainability and toxicity remain detracting features of these materials. Further, although many blue phosphorescent materials have been developed, the OLEDs employing these materials as emissive dopants have short device operational lifetimes and show redshifted Commission Internationale de l'Éclairage (CIE) coordinates (y-coordinate is >0.25), which precludes them from commercial use. [7] [8] [9] Thus, the development of highly efficient blue-emitting materials is desired to overcome these problems. Triplet−triplet annihilation (TTA) material-based devices are limited to maximum 62.5%.
Uoyama et al. 13 demonstrated that OLED external quantum efficiency (EQE) based on organic TADF emitters could reach beyond the theoretical maximum 5%, assuming a light outcoupling efficiency of 20%. Since this seminal report, over 400 distinct TADF emitters have been developed for high-performance OLEDs. 14 The TADF mechanism requires a small singlet-triplet energy gap (ΔE ST ) in order to thermally upconvert the triplet excitons to the singlet excited state via a reverse intersystem crossing (RISC). In terms of a molecular design, this is achieved by reducing the overlap integral of the frontier molecular orbitals [i.e., the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)] in the molecule. This HOMO and LUMO separation is frequently achieved by combining the donor and acceptors counterpart in the molecule such that they are electronically decoupled. However, a reduction in ΔE ST is accompanied by a low-oscillator strength, f, for the charge-transfer (CT) transition, which inevitably reduces the quantum efficiency of the device. Therefore, there is a trade-off between the ΔE ST and f in order to optimize the photoluminescence quantum yield of the emitter and, therefore, the efficiency of the device. It now becomes evident that TADF emitter design is a critical factor to achieve high-efficiency TADF OLEDs. Although various red, green, and blue TADF emitters had been developed, [14] [15] [16] the optimum molecular design for blueemitting TADF compounds is not well understood, and guidelines for the rational molecular design are highly desired. One strategy for HOMO localization, and by extension small ΔE ST , is for wide dispersion of the HOMO through the presence of multiple donor groups or extended donors. Although the EQEs of the OLEDs were found to increase, the color coordinates were redshift significantly from blue to green, which is a detracting feature of this strategy for the development of blue TADF materials. [17] [18] [19] [20] Typically, extended or dendronized donors are constituted of a central carbazole heterocycle decorated on the periphery with addition carbazole or diphenylamine donor units.
Herein, we report a molecular design for blue TADF emitters where in contrast to the conventional strategies, we modified the carbazole donors with weak electron-withdrawing pyridine rings. Two TADF emitters, 4PyCzBP and 3PyCzBP, have been designed, synthesized, and characterized and OLED devices fabricated. These emitters are composed of a dipyridyl carbazole donor moiety and a benzophenone (BP) unit as the acceptor (Fig. 2) . The presence of these additional pyridine rings on the carbazole donor weakens the electron-donating nature of the core carbazole thereby reinforcing the blue emission of the material both in solution and in thin film. The photophysical properties of these compounds have been studied and the maximum photoluminescence quantum yield 23.4% is achieved for these compounds in PMMA-doped film with a λ max around 450 nm. Multilayer OLED devices fabricated using these molecules as dopants in a high-energy bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO) host show maximum EQEs of the blue devices as high as 5.0%.
Results and Discussion
The synthetic route for the TADF emitters 3PyCzBP and 4PyCzBP is given in Fig. 1 , which are synthesized with overall yields of 19% and 29%, respectively, in three steps. The detailed synthetic procedures and characterization data are reported in Sec. 5. Density functional theory (DFT) calculations were performed for these compounds, which show spatial separation of the HOMO and LUMO for both emitters. As shown in Fig. 2 , the HOMOs of 3PyCzBP and 4PyCzBP are mainly distributed over the dipyridylcarbazolyl donor group and slightly extended to the bridging phenyl ring. The LUMOs are mostly localized on the BP acceptor. The small overlap between HOMO-LUMO observed is important for a small ΔE ST . The time-dependent DFT (TDDFT) calculated singlet-triplet energy gaps (ΔE ST ) are 0.45 and 0.41 eV, respectively, for 4PyCzBP and 3PyCzBP. The calculated ΔE ST values suggest that these materials may be TADF in nature. 21 To assess the effect of the presence of the pyridine units on the optoelectronic properties of the emitters, we modeled the reference compound CzBP and PyCz. This compound shows a shallower HOMO level (5.76 eV) than both 3PyCzBP 
Optoelectronic Characterization
The absorption and emission spectra of 3PyCzBP and 4PyCzBP were measured in dichloromethane (DCM) and are shown in Fig. 3 , and the data are summarized in Tables 1 and 2 . Both compounds exhibit a broad CT absorption band at 356 and 326 nm for 3PyCzBP and 4PyCzBP, respectively, assigned as an intramolecular CT band from the carbazole moiety to the BP based on TDDFT. The absorption bands around 300 nm are localized on the pyridylcarbazole donor, in line with the calculated absorption band found at 293 nm for PyCz by TDDFT [ Fig. 21 (Appendix A)]. Electrochemical measurements on 3PyCzBP and 4PyCzBP were carried out in MeCN. The cyclic voltammetry (CV) and differential pulse voltammetry (DPV) traces are shown in Fig. 9 (Appendix A). The oxidation waves are only pseudoreversible with oxidation potentials for 3PyCzBP of E pa ¼ 1.69 V versus saturated calomel electrode (SCE) and for 4PyCzBP of E pa ¼ 1.71 V versus SCE. The calculated HOMO levels (E HOMO versus Fc∕Fcþ ¼ E pa þ 4.8 eV) are −6.11 and −6.13 eV for 3PyCzBP and 4PyCzBP, respectively. These values are deeper than the reported values for ketone-derived carbazole-based D-A-D and D-A systems (−5.7 eV), 18, 21 demonstrating the electron-withdrawing and HOMO-stabilizing nature of the pyridine rings. This analysis is entirely consistent with the DFT calculations (Fig. 2) .
Both compounds show broad emission spectra in DCM with a λ max at 497 nm and a photoluminescence quantum yield, Φ PL , of 56% for 3PyCzBP and a λ max at 477 nm and a Φ PL of 52% for 4PyCzBP (Fig. 3) . Notably, the Φ PL decreased to 18% and 10%, respectively, for 3PyCzBP and 4PyCzBP in the presence of O 2 , thereby confirming that triplet states are implicated in the emission, which are readily quenched in the presence of oxygen. A blueshift of 844 cm −1 (20 nm) in the emission spectra of 4PyCzBP is observed compared with 3PyCzBP due to the greater electron-withdrawing character of the 4-pyridyl ring that is conjugated into the Cz donor system. The emission is blueshifted when the compounds are dispersed in PMMA films (10 wt. %) with λ max at 450 and 449 nm for 3PyCzBP and 4PyCzBP, respectively. The Φ PL values under N 2 are 23.4% and 21.0%, which decreased in the presence of O 2 to 19.1% and 17.3% for 3PyCzBP and 4PyCzBP, respectively, an indication that triplet states are populated upon photoexcitation in the film. 22 The ΔE ST values in 10 wt. % doped PMMA films are calculated from the peak maxima as well as the onset of the fluorescence and phosphorescence spectra for 3PyCzBP and 4PyCzBP. The ΔE ST values based on the emission maxima are 0.06 and 0.07 eV for 3PyCzBP and 4PyCzBP, respectively, while the estimate of ΔE ST based on the emission onset is even smaller at 0.03 and 0.05 eV, respectively (Fig. 4) . The percent contribution of the delayed fluorescence to the overall emission decay for 3PyCzBP and 4PyCzBP is 18.3% and 17.7%, respectively.
The transient PL decay characteristics of 3PyCzBP and 4PyCzBP 10 wt. % doped PMMA films under vacuum are shown in Fig. 5 , and the data are summarized in Table 2 . Prompt fluorescence, τ p , of 28.0 and 33.5 ns, respectively, for 3PyCzBP and 4PyCzBP was determined by Table 5 (Appendix A). As expected for organic materials emitting via a TADF mechanism, τ d for both compounds gradually increased with increasing temperature due to the thermally activated RISC. These transient PL decays corroborate the TADF assignment of the emission in doped PMMA films.
Electroluminescence
To evaluate the performance of 3PyCzBP and 4PyCzBP in OLEDs, we fabricated multilayer devices using these dopants. The schematic representation of the device architecture and Table 3 . Here, DPEPO is used as a host as it has the most suitable HOMO level (6.1 eV) given the deep HOMO levels of these emitters (∼6.1 eV); bipolar host materials, including 9-(4-{[4-(9H-carbazol-9-yl)phenyl](phenyl)phosphoryl}phenyl)-9H-carbazole, have too shallow HOMO levels (∼5.7 eV) and, therefore, are not suitable host materials for these emitters. Devices A and B show maximum EQEs of 5.0% and 2.1%, respectively. Although these emitters show slightly lower device performances compared to BP-cored dicarbazole compound (EQE ∼ 8.1%), device A shows a higher performance compared with the benzoyl pyridine and sulfone-based blue TADF devices (EQE ∼ 2.2% to 4.1%). 18, 21, 23 The current efficiencies and power efficiencies for devices A and B are 7.3, 3.1 cd A −1 , and 4.2, 1.6 lm W −1 , respectively. The use of 3PyCzBP (device A) as the dopant resulted in more than 2 times improvement of the EQE compared with 4PyCzBP (device B) as the dopant. The higher EQE of device A can be correlated to the higher PL quantum yield of 3PyCzBP as well as the more efficient upconversion from the triplet to the singlet excited state as a function of the smaller ΔE ST .
The electroluminescence spectra of both the devices are very similar to the corresponding thin film spectra, with no residual emission exhibited from other layers (Fig. 8) . This observation indicates that the excitons are confined within the emission layer without leakage to the adjacent layers. Both the devices A and B gave blue electroluminescence at the λ max 457 and 450 nm with color coordinates of (0.18, 0.21) and (0.19, 0.22), respectively. Although these devices do not possess deep blue color coordinates comparable to the boron-based compounds recently reported Table 3 The electroluminance performances of the devices A and B. ; L, maximum luminance; EQE, maximum external quantum efficiency; CE, maximum current efficiency; PE, maximum power efficiency; and λ max , the wavelength where the EL spectrum has the highest intensity.
by Hatakeyama et al. 24 (0.12, 0.13), their CIE values are deeper than that reported for similar ketone-based TADF emitters (0.17, 0.38). 23 OLED device performances at 100 cd m −2 are summarized in Table 4 . The EQE dropped from 5.0% to 1.6% for device A and from 2.1% to 0.9% for device B. Similarly, the current and power efficiency also dropped from 7.3 to 3.2 cd A −1 , 4.2 to 1.6 cd A −1 and 4.2 to 0.79 lm W −1 , 1.6 to 0.46 lm W −1 , respectively, for device A and B. High turn-on voltage (Table 3 ) and significant roll-off (Table 4) are observed in these devices due to nonambipolar host materials (DPEPO).
Experimental Section

General Synthetic Procedures
Commercial chemicals were used as supplied without further purification. All reactions were performed using standard Schlenk techniques under inert nitrogen atmosphere with dry solvents. Column chromatography was performed using silica gel (Silia-P from Silicycle, 60 Å, 40 to 63 μm). Analytical thin layer chromatography was performed with silica plates with polymer (250 μm with indicator F-254), and compounds were visualized under UV light. 1 H and 13 C solution-phase NMR spectra were recorded on a Bruker Avance spectrometer operating at 11.7 T (Larmor frequencies of 500, 126, and 471 MHz, respectively). The following abbreviations have been used for multiplicity assignments: "s" for singlet, "d" for doublet, "t" for triplet, "m" for multiplet, and "br" for broad. Melting points (Mps) were recorded using open-ended capillaries on an electrothermal Mp apparatus and are uncorrected. High-resolution mass spectra of all compounds were recorded at the Engineering and Physical Sciences Research Council UK National Mass Spectrometry Facility at Swansea University on a quadrupole time-of-flight (ESI-Q-TOF), model ABSciex 5600 Triple TOF in positive electrospray or nanospray ionization mode, and spectra were recorded using sodium formate solution as the calibrant.
Synthesis of 3,6-Dibromo-9H-Carbazole
The synthesis of this ligand is by a previously reported method.
25 9H-carbazole (5.0 g, 0.03 mol, 1 equiv.) was added to a 50-mL round-bottomed flask and dissolved with 10 mL of dry acetonitrile (MeCN). The mixture was cooled to a 0°C with an ice bath and a solution of N-bromosuccinimide (10.7 g, 0.06 mol, 2 equiv.) in 40-mL MeCN was added dropwise using a dropping funnel. The solution was slowly allowed to come to room temperature and stirred for an additional period of 2 h. The mixture was poured onto distilled water and extracted multiple times with ethyl acetate. The organic fractions were combined, washed with a portion of brine, and dried over magnesium sulfate. Filtration and evaporation under reduced pressure gave the desired product as a white solid. Yield: 87%. Mp: 209°C to 212°C 1 H NMR (500 MHz, 
General Syntheses of 3PyCzBP and 4PyCzBP
The (4-(3,6-dibromo-9H-carbazol-9-yl)phenyl)(phenyl)methanone (0.40 g, 0.79 mmol, 1.0 equiv.), 3-pyridinylboronic acid, or 4-pyridinylboronic acid (0.24 g, 1.99 mmol, 2.5 equiv.) and cesium carbonate (1.55 g, 4.75 mmol, 6.0 equiv.) were added to a round-bottomed flask containing 50 mL of a mixture of 1,4-dioxane and distilled water (4:1 v/v). The reaction mixture was degassed by multiple vacuum and N 2 purging cycles, and PdðPPh 3 Þ 4 (0.91 g, 0.079 mmol, 0.1 equiv.) was added to the flask under positive nitrogen pressure. The mixture was refluxed under nitrogen atmosphere for 48 h and then cooled to room temperature. The mixture was poured into distilled water and extracted multiple times with DCM. The organic fractions were combined, washed with a portion of brine, and dried over magnesium sulfate. Filtration and evaporation under reduced pressure gave the crude products (1.0 g). The crude products were purified by flash column chromatography (2.5% MeOH/DCM on silica) to give 0. 3 
Conclusion
We have designed two TADF emitters bearing a BP core as the electron accepting unit and 3-pyridyl-and 4-pyridyl-decorated carbazole as the electron-donating unit. The photophysical properties were studied for these compounds in solution and thin film. A comparison of these materials shows that 3PyCzBP compound shows the highest photoluminescence quantum yield and smallest ΔE ST . The photoluminescence quantum yield reaches 23.4% in the PMMA film and the EQE of the blue-emitting OLED using 3PyCzBP as the dopant reached 5.0%. This molecular design opens up an approach to the design blue TADF emitters for blue OLEDs. 
A1.1 Photophysical measurements
All samples were prepared in HPLC-grade CH 2 Cl 2 or CH 3 CN with varying concentrations in the order of 10 −3 to 10 −5 M. Absorption spectra were recorded at room temperature using a Shimadzu UV-1800 double beam spectrophotometer. Molar absorptivity determination was verified by linear least-squares fit of the values obtained from at least four independent solutions at varying concentrations with absorbance ranging from 6.05 × 10 −5 to 2.07 × 10 −5 M. Figure 9 illustrates the CV and DPV spectra for compounds 4PyCzBP and 3PyCzBP. Figure 10 illustrates the lifetime decays of compound 3PyCzBP collected at various temperatures from 77 to 300 K. The sample solutions for the emission spectra were prepared in HPLC-grade DCM or CH 3 CN and degassed via three freeze-pump-thaw cycles using a quartz cuvette designed in-house. Steady-state emission and excitation spectra and time-resolved emission spectra were recorded at 298 K using an Edinburgh Instruments F980. All samples for steady-state measurements were excited at 360 nm using a xenon lamp, while samples for time-resolved measurements were excited at 378 nm using a PDL 800-D pulsed diode laser. Photoluminescence quantum yields were determined using the optically dilute method. 27 A stock solution with absorbance of ca. 0.5 was prepared and then four dilutions were prepared with dilution factors between 2 and 20 to obtain solutions with absorbances of ca. 0.095, 0.065, 0.05, and 0.018, respectively. The Beer-Lambert law was found to be linear at the concentrations of these solutions. The emission spectra were then measured after the solutions were rigorously degassed via three freeze-pump-thaw cycles prior to spectrum acquisition. For each sample, linearity between absorption and emission intensity was verified through linear regression analysis, and additional measurements were acquired until the Pearson's regression factor (R 2 ) for the linear fit of the data set surpassed 0.9. Individual relative quantum yield values were calculated for each solution and the values reported represent the slope value. The equation Φ s ¼ Φ r ðA r ∕A s ÞðI s ∕I r Þðn s ∕n r Þ 2 was used to calculate the relative quantum yield of each of the sample, where Φ r is the absolute quantum yield of the reference, n is the refractive index of the solvent, A is the absorbance at the excitation wavelength, and I is the integrated area under the corrected emission curve. The subscripts s and r refer to the sample and reference, respectively. A solution of quinine sulfate in 0.5 M H 2 SO 4 (Φ r ¼ 54.6%) 28 was used as external reference.
29
PMMA-doped thin films were prepared by spin-coating the samples from a solution of 2-methoxyethanol (HPLC grade) 10 −2 M containing 10% w/w of the desired sample on a quartz substrate. Each sample was spin-coated three times from two different solutions following identical conditions, and reproducible results were obtained. Steady-state emission and excitation spectra and time-resolved emission spectra of neat films were recorded at 298 K using an Edinburgh Instruments F980. Solid-state PLQY measurements of thin films were performed in an integrating sphere under a nitrogen purge in a Hamamatsu C9920-02 luminescence measurement system. 30 Fig . 11 1 H NMR spectrum of (4-(3,6-dibromo-9H-carbazol-9-yl)phenyl)(phenyl)methanone in CDCl 3 .
A2 Characterization
Figures 11-18 report the 1H, 13C-NMR, and HR-MS spectra for compounds (4-(3,6-dibromo-9H-carbazol-9-yl)phenyl)(phenyl)methanone, 3PyCzBP, and 4PyCzBP. Fig. 12 13 C NMR spectrum of (4-(3,6-dibromo-9H-carbazol-9-yl)phenyl)(phenyl)methanone in CDCl 3 . Fig. 13 1 H NMR spectrum of 3PyCzBP in CDCl 3 .
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A3 DFT Calculations
The calculations were performed with the Gaussian 09, 31 revision D.018 suite of programs. Initially, the geometries of 3PyCzBP and 4PyCzBP were fully optimized using a DFT methodology employing the PBE0 32 functional with the standard Pople 33 6-31G(d,p) basis set and Tamm-Dancoff approximation was treated as a variant of TDDFT. 34 The molecular orbitals were visualized using GaussView 5.0 software. 35 Figures 19-22 illustrate main transitions and electron contour plots of molecular orbitals of 3PyCzBP, 4PyCzBP, CzBP, and PyCz and obtained by TD-DFT calculations. Tables 6-9 report the optimized atomic coordinates of 3PyCzBP, 4PyCzBP, CzBP, and PyCz obtained by TD-DFT calculations. Measurements under vacuum on PMMA-doped thin films (10 w/w % of compound) formed by spin-coating on a quartz substrate. Values in parentheses are pre-exponential weighting factor, in relative % intensity, of the emission decay kinetics (λ exc ¼ 378 nm). 
